Previously it has been shown that injecting a cytosolic sperm protein factor into mammalian eggs induces sustained repetitive transients of cytosolic free Ca# + ( 
INTRODUCTION
Oscillations, or repetitive transient rises, in the cytosolic free Ca# + concentration ([Ca# + ] i ) have been demonstrated in many different cell types [1, 2] . Such oscillations can be triggered by cellspecific stimuli such as neurotransmitters, hormones and growth factors [1, 2] . [Ca# + ] i oscillations appear to play diverse roles in cellular signalling, affecting cell metabolism, secretion, cell-cycle progression and differentiation [1, 2] . The existence of most [Ca# + ] i oscillations may be explained by complex mechanisms involving increased production of Ins(1,4,5)P $ with co-activation of Ca# + -release channels by InsP $ and Ca# + [2] . However, some of the features of cellular [Ca# + ] i oscillations are not yet fully understood. For example, in rat hepatocytes the time course of individual [Ca# + ] i spikes is a characteristic of the stimulating agonist [3] . These agonist-induced [Ca# + ] i oscillations in hepatocytes also show characteristic differences in their sensitivity to the protein kinase C-activating phorbol esters [4] and to the Ca# + -channel modulator ryanodine [5] . Differences in the amplitude and duration of [Ca# + ] i transients with different agonists are also seen in various secretory cell types and oocytes [6, 7] . It is possible that factors other than InsP $ are involved in modulating [Ca# + ] i oscillations and waves in non-excitable cells.
One of the first and most sustained physiological [Ca# + ] i oscillators to be described was that occurring after fertilization in itro in mammalian eggs [8] [9] [10] . It is not known how the sperm triggers these Ca# + oscillations at fertilization, but one hypothesis suggests that the sperm introduces a Ca# + -releasing factor into the egg after gamete membrane fusion [11, 12] . This is supported by the demonstration that the injection of cytosolic sperm extracts can trigger sustained [Ca# + ] i oscillations in mouse, hamster and human eggs [12] [13] [14] . The oscillations induced by the sperm factor (SF) resemble the low-frequency large-amplitude [Ca# + ] i transients that are characteristic of fertilization [12, 13] . The SF has 
MATERIALS AND METHODS
Hepatocytes were isolated from fed male Wistar rats (180-250 g) by collagenase (Boehringer) digestion and microinjected with the Ca# + -sensitive photoprotein aequorin as described previously [3, 16] . A second microinjection with the SF was then performed, with the double-injected hepatocyte being positioned under the photomultiplier as described previously (see also [17] ). The experimental medium was Williams Medium E (WME ; Gibco) gassed with CO # \air (1 : 19) , to which all compounds were added. Essentially Ca# + -free WME was produced by addition of 2 mM EGTA (Sigma) to the WME, which contains 1.8 mM Ca# + . Phenylephrine, ATP and phorbol 12,13-dibutyrate (PDBu) were all from Sigma, with the agonists being made up in WME freshly each day, whereas the phorbol ester and chelerythrine (LC Services Corp.) were stored as stock solutions in DMSO (Sigma) at k20 mC. Vasopressin (Sigma) was made up as a stock solution buffered to pH 4.0 and stored at 4 mC.
The cytosolic hamster sperm extract (SF) was the semi-purified ' 1M Blue ' fraction as previously described [13] , and it was stored in batches at k70 mC. Before use, and on a weekly basis, a batch of the SF was thawed and kept under paraffin oil (light ; BDH) at 4 mC. The SF was diluted (1 : 2 or 1 : 4), on a daily basis, into aequorin dialysis buffer (KCl, 150 mM ; Pipes buffer, 1 mM ; EGTA, 25 µM ; EDTA, 100 µM, pH 7.2), and kept under paraffin oil before microinjection [17] . To inactivate the SF, dialysed extracts were heated at 70 mC for 15 min [12] . Both aequorin and the SF were routinely sequentially injected into the single hepatocytes at volumes that represented between 1 % and 2 % of the total cell volume. All data collection and analysis were performed as described previously [3, 16] . 
RESULTS AND DISCUSSION
). Later in the response, up to eight [Ca# + ] i transients occurred that were more variable in [Ca# + ] i peak height, and which never displayed secondary oscillations. These two types of transient occurred with a variable period that was different in different cells, showing a range from 3 to 15 min (n l 10 cells). There was usually a longer break between
Figure 2 (A) (i), (ii), (iv) : Expanded time courses of phenylephrine (PE)-and SF-induced [Ca 2 + ] i oscillations from data shown in Figure 1(B) ; (iii) early SFinduced [Ca 2 + ] i oscillations from another cell, demonstrating secondary [Ca 2 + ] i oscillations on top of the main transient ; (B) addition of phenylephrine (10 µM) during the course of SF-induced responses
aequorin (n l 10 ; results not shown), whereas others only displayed the early-type [Ca# + ] i transients (n l 5). As previously found in hamster eggs [12] , injecting heat-inactivated SF did not induce any [Ca# + ] i oscillations (n l 4 ; results not shown).
In cells that were pre-stimulated with 10 µM phenylephrine, the SF-induced [Ca# + ] i oscillations had peak heights slightly larger than those induced by phenylephrine (n l 5 ; 1090.9p 14.8 nM and 1181.7p27.9 nM for phenylephrine and the SF respectively). However, due to the way aequorin signals are calibrated and to the loss of a portion of the total aequorin during the second microinjection, the estimates for the [Ca# Figure 4A ). This effect contrasts with the findings that PDBu concentrations of 5-10 nM abolish most other agonist-stimulated [Ca# + ] i oscillations in these cells [4, 19] . However, it resembles the effects of PDBu on ATPinduced [Ca# + ] i oscillations of long duration that have been shown to be refractory to PDBu even at greatly elevated concentrations (100 nM [20] ). The addition of higher concentrations of PDBu (100 nM) during the early SF-induced [Ca# + ] i oscillations resulted in a continued elevation of [Ca# + ] i (4\4 cells ; Figure 4B ), which is unlike the response to PDBu during ATP stimulation [20] . Application of other agents, such as the cellpermeant cyclic AMP analogue dibutyryl cyclic AMP, or low concentrations of ryanodine, had no effect on the SF-induced oscillations (results not shown).
The present study provides the first direct demonstration that the cytosolic SF can induced [Ca# + ] i oscillations in a somatic cell, the rat hepatocyte. This finding is consistent with previous observations that the SF triggers Ca# + -dependent membrane currents in rat dorsal root ganglion neurons [15] . [21] , or to cells stimulated with bovine growth factor [22] . However, the sustained elevations of [Ca# + ] i in response to high concentrations of phorbol esters in SF-injected cells still distinguish the response from that seen in ATP-stimulated cells [21] . Some of the characteristics of the SF-induced [Ca# + ] i oscillations in hepatocytes are similar to those seen in mammalian eggs. In both cell types the individual [Ca# + ] i transients last about 1 min [6, 23] . Secondary oscillations are also a feature of SFinduced and fertilization-induced [Ca# + ] i transients in mouse eggs [10, 13] , as well as the early SF-induced responses in hepatocytes. Another similarity with hepatocytes is that the SF-induced [Ca# + ] i oscillations in hamster eggs are relatively refractory to inhibition by phorbol esters [12] . In mammalian eggs it was suggested that the SF does not mediate its effects through increased InsP $ production [13] . It is possible that a direct effect on [Ca# + ] i release channels is involved, since SF extracts can trigger Ca# + release from sea-urchin egg homogenates (A. Galione and K. Swann, unpublished work). The SF appears to mediates its effects by sensitizing the process of Ca# + -induced Ca# + release [12, 13, 15] . This does not appear to involve cyclic ADP-ribose (cADPR), since injecting cADPR is ineffective at triggering [Ca# + ] i increases in rodent eggs ( [24] ; K. Swann, unpublished work), and in dorsal root ganglion neurons cADPR and SF act on distinct Ca# + -release stores [15] . The recent identification of the SF as a 33 kDa protein should allow for a precise definition of its molecular mechanisms of action in the near future [25] .
